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Introduction 


Food  irradiation  technology  is  considered  capital  intensive. 
Building  a commercial  scale  irradiator  requires  a substantial 
investment  in  special  shielded  structures,  conveyor  machinery, 
and  source  material.  Analysts  have  asserted  that  because  of 
this  high  Investment,  large  quantities  of  food  must  be  treated 
to  achieve  reasonable  average  unit  costs  [1].  Generally,  capital 
intensive  technologies  requiring  high  volumes  are  not  compatible 
with  a developing  country’s  resource  base.  This  paper  examines 
the  economies  of  scale  in  single  purpose,  cobalt-60  food 
irradiators  to  evaluate  how  the  size  of  an  irradiator,  and  the 
level  of  labor  costs  and  capital  charges,  affect  treatment 
costs. 

The  term  economies  of  scale  refers  to  the  relationship  be- 
tween total  average  costs  per  unit  of  output  (unit  costs)  and 
the  size  of  the  plant.  Economies  of  scale  exist  if  unit  costs 
fall  as  size  increases.  If  economies  of  scale  exist,  large 
irradiators  would  be  able  to  treat  foods  at  a lower  unit  cost 
than  smaller  ones.  Operators  of  small  irradiators  would  be  at 
a distinct  cost  disadvantage  if  the  scale  economies  are  substantial. 
This  would  discourage  an  industry  of  small  volume,  widely-scattered 
agricultural  firms  from  using  the  technology. 

A question  of  interest  to  potential  users  of  irradiation 
technology,  then,  is  how  important  is  the  size  of  an  irradiator 
and  its  corresponding  throughput  to  the  average  cost  of  the 
treatment.  Can  only  the  very  largest  irradiators  realize 
reasonable  unit  costs?  Are  their  costs  substantially  lower  than 
those  of  smaller  plants?  A related  question  is  how  severe  are 
the  cost  penalties  for  running  an  irradiator  at  less  than 
capacity. 


Previous  research  using  labor  rates,  construction  costs, 
and  other  input  prices  representative  of  the  United  States, 
found  economies  of  scale  for  cobalt-60  irradiators  to  be  pronounced 
at  smaller  sizes  and  less  Important  at  medium  and  large  sizes 
[2].  Irradiators  handling  annual  volumes  less  than  22.5 
million  kilograms  could  not  achieve  the  lower  unit  costs  possihle_^  ^ 
for  larger  irradiators.  In  this  paper,  the  author  explores  how  ^ 2 
economies  of  scale  for  cobalt-60  irradiators  are  affected  under  g S 
input  prices  more  typical  of  a developing  country. 


Paper  presented  at  the  6th  General  Training  Course  on  Food 
Irradiation  sponsored  by  the  International  Facility  for  Food  \ 
Irradiation  Technology,  Wagenlngen,  The  Netherlands,  November  21, 
1985, 
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The  scale,  or  size,  of  a plant  is  determined  by  its  hourly 
throughput.  Costs  were  calculated  for  irradiators  designed  to 
treat  1,500;  3,000;  6,000;  9,000;  and  12,000  kilograms  of  food 
per  hour  Irradiation  treatment  costs  were  also  estimated 

for  four  dose  levels:  0.1,  0.25,  0.5,  and  2.5  kGy.  These  dose 

levels  correspond  to  irradiation  applications  ranging  from  sprout 
Inhibition  to  pathogen  reduction.  Costs  were  estimated  for 
single  purpose  irradiators  to  illustrate  the  lower  costs  possible 
with  an  in-house  facility  dedicated  to  treating  one  product  for 
a specific  purpose  _2/. 

Major  Assumptions 

Irradiator  design  and  operation  are  very  specific  to  the 
particular  food,  its  reaction  and  tolerance  to  radiation,  relative 
prices  of  capital  and  labor,  and  other  factors  unique  to  each 
developing  country's  economy  and  resource  base.  However,  development 
of  cost  relationships  by  plant  size  requires  specific  assumptions 
about  input  prices  and  operating  procedures  to  provide  the  stan- 
dardization needed  to  make  interplant  cost  comparisons.  Capital 
and  operating  costs  were  estimated  for  the  model  irradiators 
based  on  information  from  builders  and  operators  of  commercial 
irradiation  facilities.  Reliance  on  their  judgement  and  experience 
was  essential  because  of  the  lack  of  single  purpose  food  irradiators 
from  which  to  collect  empirical  data.  The  costs  presented  here 
are  meant  to  provide  the  reader  with  an  idea  of  the  magnitude 
of  irradiation  treatment  costs  and  how  these  generalized  costs 
might  vary  with  plant  size. 

The  major  assumptions  underlying  the  estimated  unit  costs 
are  identified  below. 

1)  Irradiators  do  not  operate  continuously.  Downtime  must 
be  allowed  for  maintenance  and  source  loading.  In  this  analysis, 
irradiators  were  assumed  to  require  1 hour  downtime  for  every  7 
hours  of  processing.  For  example,  during  a 24-hour  processing 
day,  the  irradiator  would  treat  products  for  21  hours.  The 
annual  volumes  in  this  analysis  are  based  on  250  processing 

days  per  year. 

2)  Net  utilization  efficiency  of  the  cobalt-60  was  assumed 
to  be  25  percent  for  all  irradiators.  Net  utilization  effi- 
ciency is  the  percent  of  emitted  energy  absorbed  in  the  product. 

It  is  one  of  the  parameters  which  determines  how  much  cobalt-60  is 
needed.  Under  actual  conditions,  this  efficiency  depends  on 

the  design  of  the  irradiator,  which  must  consider  the  product's 
density  and  dose  uniformity  needs. 

_1/  This  translates  to  annual  volumes  of  approximately  7.9,  15.8,  31.5, 
47.3,  and  63  million  kilograms,  respectively,  when  plants  are  operated 
three  shifts  for  250  days  per  year, 

2/  Another  approach  would  be  to  irradiate  foods  in  a multi-purpose 
irradiator.  However,  the  flexibility  needed  to  handle  diverse 
products  receiving  different  doses  sacrifices  efficiency  and 
increases  costs  [3], 
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3)  For  ease  of  computation,  yearly  replenishment  of  the  de- 
cayed portion  of  cobalt-60  is  assumed  and  treated  as  a yearly 
expense.  Operators  of  irradiators  with  small  loadings  are  more 
likely  to  purchase  enough  cobalt-60  to  allow  several  years  of 
maximum  operation  rather  than  incur  the  high  transportation  charge 
of  annual  replenishment.  Therefore,  costs  may  be  slightly  over- 
stated for  small  irradiators  with  low  cobalt  loadings. 

4)  All  irradiators  were  assumed  to  be  free  standing 
facilities  located  on  1.2  hectares  of  land  _3/.  In  addition  to 
the  irradiation  cell  and  labyrinth,  building  space  is  required 
for  offices,  the  control  panel  area,  a laboratory  to  conduct 
tests  to  verify  the  dose  received,  a room  for  power  sources  to 
run  the  machinery,  and  product  loading  and  unloading  areas. 

Storage  space  is  also  needed  to  hold  product  before  and  after 
irradiation.  The  refrigerated  warehouse  space  needed  was  based 
on  storing  a four-day  supply  of  each  irradiator's  processing 
capacity.  The  assumed  sizes  and  costs  for  these  rooms  are  listed 
in  Appendix  A. 

5)  Boxes  of  product  were  assumed  to  be  hand  stacked  in  an 
arrangement  compatible  with  the  design  of  the  conveyor  system 
continually  moving  product  through  the  irradiator  cell.  Overdose 
ratios  associated  with  treating  pallet  loads  of  products  are 
larger  than  those  experienced  when  handling  smaller  loads  [3]. 

For  applications  where  the  minimum  to  maximum  dosage  ratio  is 
large  and  overdosing  is  not  a problem,  foods  may  be  able  to  be 
handled  in  pallet  loads.  This  arrangement  would  reduce  costs 
for  material  handling.  To  be  on  the  conservative  side,  however, 
it  was  assumed  that  pallet-size  loads  could  not  be  treated. 

The  number  of  product  handlers  needed  to  load  and  unload  the 
conveyor  are  listed  in  Appendix  B.  Labor  is  also  needed  for 
handling  product  when  shipments  arrive  at  and  leave  the  facility 
(see  Appendix  C). 

6)  Finally,  several  general  assumptions  were  made  to  adapt 
the  earlier  U.S.  analysis  to  input  prices  more  typical  of  a 
developing  country; 

° Construction  costs  for  the  irradiator  cell  and  other  build 
ings  were  assumed  to  be  equal  to  U.S.  buildings  of  comparable  size 

° Machinery  costs  were  increased  by  20  percent  to  reflect 
higher  transportation  and  installation  costs  and  less  local  price 
competition. 


_3/  An  irradiator  could  be  built  as  part  of  a packing  house  or 
processing  facility,  in  which  case  several  cost  components  could 
be  shared  with  the  processing  facility  (see  discussion  in  [2]). 


II 


* 


o£. 


Ai. 


~.r^< 


Jii 


-4- 


° Costs  for  maintenance,  supplies,  and  utilities  were  raised 
from  1.5  and  2 percent  of  facility  costs  to  3 and  4 percent  to 
reflect  the  need  for  more  spare  parts  and  higher  utility  costs 
expected  in  developing  countries. 

“ Based  on  a comparison  of  international  labor  costs  compiled 
by  the  U.S.  Bureau  of  Labor  Statistics,  labor  costs  for  food  irrad- 
iation employees  are  expected  to  be  lower  in  developing  countries 
than  in  the  United  States  [4].  The-refore,  salaries  and  wages  were 
reduced  to  25  percent  of  U.S.  levels  for  skilled  labor  and  to 
10  percent  of  U.S.  wages  for  the  unskilled  product  handlers  for 
the  base  case  scenario  ^/. 

“ Products  were  assumed  to  be  moved  in  and  out  of  storage 
in  pallet  loads  by  forklifts.  Because  of  relatively  low  labor 
costs  in  developing  countries,  palletizing  machines  that  reduce 
human  labor  were  not  used. 

The  full  set  of  input  prices  underlying  this  analysis  are 
listed  in  Appendix  A.  If  the  relative  prices  of  production 
inputs  differ  dramatically  from  those  used  here,  an  irradiator 
operator  is  likely  to  select  a different  combination  of  inputs 
to  achieve  least  cost  output.  This  would  affect  the  scale 
economies . 


Annualizing  Fixed  and  Variable  Costs 


The  costs  of  building  and  operating  an  irradiator  of  a given 
hourly  capacity  are  divided  into  fixed  and  variable  costs.  Together 
they  constitute  the  total  cost  of  operation  for  a given  level  of 
output.  Fixed  costs  remain  unchanged  as  output  is  altered.  For 
example,  once  the  biological  shielding  and  machinery  are  built  to 
accommodate  a particular  processing  capacity,  the  cost  of  using 
these  inputs  will  not  change  if  output  is  reduced.  In  contrast, 
the  cost  of  inputs  such  as  utilities  and  hourly  labor  ^ vary  with 
the  use  of  the  irradiator  and  the  corresponding  output.  Table 
1 shows  the  division  between  fixed  and  variable  costs  for  Irradiators 
providing  a dose  of  0.25  kGy  under  the  base  case  scenario.  Hourly 
labor,  supplies,  utilities,  and  maintenance  that  depends  on  how 
much  the  facility  is  used  are  considered  variable  cost  items. 

Fixed  and  variable  costs  were  expressed  on  an  annual  basis 
so  that  total  costs  could  be  divided  by  annual  output  to  derive 
unit  costs.  Recurring  expenses  like  utilities,  salaries,  and 
cobalt-60  replenishment  were  already  expressed  on  a yearly  basis. 

A capital  recovery  factor  was  used  to  estimate  the  levellzed 
annual  cost  of  the  biological  shielding,  buildings,  machinery, 
and  the  initial  cobalt-60.  This  factor  computes  the  amount 
needed  to  recover  the  original  investment  (purchase  price) 
plus  the  opportunity  cost  of  the  money  spent  to  buy  the  asset 


The  base  case  scenario  assumes  a three-shift  operation,  250 
processing  days  a year,  wage  levels  of  25  and  10  percent  of  U.S 
levels,  and  a 10  percent  opportunity  cost  for  capital  funds. 


over  its  useful  life.  The  formula  is  defined  in  Appendix  A. 
Crucial  variables  in  the  capital  recovery  formula  are  the  interest 
rate,  or  opportunity  cost  of  money,  and  the  assumed  useful  life 
of  the  asset.  For  the  base  case  scenario,  the  interest  rate 
was  10  percent.  The  useful  lives  for  the  capital  assets  were 
assumed  to  be  25  years  for  buildings  and  biological  shielding, 

10  years  for  machinery,  and  15  years  for  the  initial  cobalt-60 
loading.  The  annual  fixed  and  variable  costs  for  each  Irradiator 
operated  three  shifts  per  day  are  listed  in  table  2. 


Resulting  Economies  of  Scale 

Economies  of  scale  are  reflected  in  the  shape  of  the  long- 
run  average  cost  curve  as  scale  increases.  The  steeper  the 
curve,  the  greater  the  economies  of  scale.  The  long-run  cost 
curve  shows  the  minimum  average  cost  of  producing  each  output 
level  when  all  inputs  are  variable  and  a firm  is  free  to  choose 
any  plant  size.  One  method  that  economists  use  to  approximate 
the  long-run  cost  curve  is  to  examine  a series  of  short-run 
average  cost  curves  for  individual  plants  of  different  sizes 
and  select  minimum  unit  costs  for  each  output  level. 

Short-run  cost  curves  for  each  size  irradiator  are  estimated 
by  computing  costs  when  the  irradiator  is  operated  for  one,  two, 
and  three  8-hour  shifts  per  day.  Variable  costs  are  estimated 
for  each  shift.  Fixed  costs  are  based  on  a predetermined  processing 
capacity  (throughput  per  hour)  and  remain  constant  as  fewer 
shifts  are  operated  and  annual  output  drops.  Figxires  1 through 
4 show  the  cost  curves  for  the  model  irradiators  in  this  analysis. 

Table  3 lists  irradiation  treatment  costs  per  kilogram  for 
the  base  case  scenario.  Unit  costs  for  the  volumes  analyzed 
range  from  4.0  and  6.1  cents  per  kilogram  to  1.2  and  3.3  cents 
per  kilogram,  depending  on  the  radiation  dose  applied  . 

Increasing  the  dosage  from  0.1  to  2.5  kGy  raises  average  treatment 
costs  by  about  2 cents  per  kilogram  for  each  size.  All  four 
irradiators  exhibit  economies  of  scale,  as  demonstrated  by 
their  decreasing  unit  costs  as  processing  capacity  increases. 

This  means  that,  considering  only  the  treatment  cost,  larger 
irradiators  would  be  able  to  treat  products  at  a lower  unit 
cost  than  small  Irradiators.  However,  in  all  cases  the  scale 
economies  become  less  pronounced  as  size  increases.  Potential 
scale  economies  become  less  important  at  annual  volumes  greater 
than  31.5  million  kilograms  (about  16,000  metric  tons).  For 
example,  unit  costs  for  the  two  largest  irradiators,  treal^lng 
9,000  and  12,000  kilograms  an  hour,  respectively,  differ  by 
only  0.1  cent  per  kilogram  regardless  of  dose.  Unit  costs  for 
irradiators  treating  6,000  and  9,000  kilograms  per  hour  differed 
by  only  0.2  to  0.3  cent  per  kilogram. 

Economies  of  scale  result  from  production  inputs  expanding 
less  than  proportionally  with  Increases  in  plant  capacity.  To 

5/  All  costs  in  this  paper  are  in  U.S.  currency. 
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determine  the  source  of  the  economies,  one  examines  how  the 
major  components  change  with  size.  Cobalt-60,  building  and 
shielding,  machinery,  and  labor  accounted  for  about  70  percent 
of  unit  costs  in  these  scenarios.  For  a cobalt-60  irradiator, 
the  most  important  sources  of  production  economies  are  labor, 
buildings  and  shielding,  and  machinery. 

Certain  employees — -plant  manager,  maintenance,  and  clerical 
personnel — are  needed  regardless  of  the  volume  moving  through  the 
irradiator.  Costs  for  other  employees — radiation  safety  officer/quality 
control  person,  plant  operators,  and  documentation  clerks — will 
vary  with  the  number  of  shifts  operated,  but  not  with  the  volume 
of  the  irradiator  ^/,  Thus,  spreading  their  salaries  over 
larger  outputs  lowers  average  labor  costs.  When  salaried  employees 
are  a major  cost  item,  such  as  in  the  irradiators  treating 
1,500  and  3,000  kilograms  per  hour,  large  scale  economies  occur 
with  relatively  small  Increases  in  size.  Conversely,  the  number 
of  material  handlers  needed  does  vary  with  irradiator  size,  so 
as  their  numbers  grow  and  they  become  a more  important  component 
of  labor  costs,  scale  economies  attributed  to  labor  costs  are 
moderated.  This  moderates  overall  scale  economies  and  lessens 
the  decline  in  unit  costs  for  irradiators  in  the  large  volume  range. 

For  each  dose  in  table  3,  unit  costs  drop  by  1,7  cents  between 
the  two  smallest  irradiators,  compared  with  a 0.1-cent  drop  between 
the  two  largest  irradiators. 

Buildings,  shielding,  and  machinery  costs  are  likely  to  follow 
the  general  construction  relationship  where  productive  capacity 
increases  faster  than  cost,  although  at  a declining  rate  as  scale 
Increases  [5],  As  a result,  as  productive  capacity  in  table  1 
increases  8-fold,  the  annual  charge  for  these  capital  items  rises 
less  than  3-fold.  The  magnitude  of  the  scale  economies,  however, 
are  greater  for  irradiators  in  the  small  volume  range. 

Cobalt-60  is  an  important  cost  item,  especially  for  large 
capacity  irradiators.  However,  cobalt-60  is  not  a source  of 
production  economies  because  cobalt  needs  are  directly  related  to 
hourly  throughput.  Only  minor  economies  could  be  realized  through 
cobalt-60  suppliers  offering  volume  discounts.  As  plant  capacity 
increases  for  each  dose  level  in  table  3,  cobalt  becomes  a larger 
portion  of  total  costs  and  fewer  scale  economies  are  possible.  This 
is  illustrated  by  the  declining  rate  of  reduction  in  unit  costs  for 
all  applications. 

Raising  the  dose  of  radiation  applied  to  the  food  also  causes 
cobalt-60  to  become  a greater  portion  of  total  costs.  Therefore, 
the  irradiators  applying  a dose  of  2.5  kGy  demonstrate  fewer  scale 
economies — unit  costs  for  the  2,5  kGy  application  in  table  3 drop 
by  only  46  percent  over  the  size  range  compared  to  a 70-percent 
drop  for  the  0.1  kGy  application. 

Salaries  were  not  assumed  to  change  as  irradiator  size  increased 
because  of  the  relatively  small  work  force  (all  sizes  employed  less 
than  50  people)  and  the  fact  that  the  skill  levels  of  the  employees 
do  not  change  much  as  size  increases. 
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Sensltivlty  to  Labor  and  Capital  Costs 

Labor  and  capital  costs  vary  among  countries  and  Individual 
situations.  For  this  reason.  It  Is  Important  to  test  the  sensitivity 
of  long-run  scale  economies  to  changes  In  these  two  factors. 

Table  4 lists  per  unit  Irradiation  treatment  costs  for  the 
four  model  Irradiators  for  three  sets  of  labor  costs.  Scenario 
B represents  base  labor  costs.  Labor  costs  In  scenario  A are 
assumed  to  be  5 0 percent  of  levels'  In  the  base  case,  while 
labor  costs  In  scenario  C are  assumed  to  be  twice  those  of  the 
base  case.  As  shown  In  the  last  column  of  table  4,  the  decline 
In  unit  costs  between  the  smallest  and  largest  Irradiators  for 
each  dose  level  Increases  as  labor  costs  rise,  l.e.,  as  labor 
costs  Increase,  the  economies  of  scale  Increase.  This  Is  because 
the  scale  economies  Inherent  In  labor  cost  are  greater  than  the 
scale  economies  Inherent  In  annual  capital  charges  (those 
costs  affected  by  Interest  rates)  and  In  other  cost  Items. 

The  scale  economies  Inherent  In  the  major  cost  categories — -labor, 
annual  capital  charges,  and  other  costs- — can  be  determined  by  the 
ratio  of  largest  facility  to  smallest  facility  for  each  category. 

As  can  be  seen  in  table  5 , labor  costs  expand  by  a factor  of  only 
1.75  as  output  expands  by  a factor  of  8.00,  while  annual  capital 
charges  expand  by  a factor  of  2.71  and  other  cost  Items  expand  by  a 
factor  of  3.03.  Since  all  cost  items  expand  less  than  proportionally 
with  output,  total  costs  expand  by  only  a factor  of  2.53,  and  long-run 
scale  economies  exist. 

Any  change  in  the  distribution  of  total  costs  among  the  cost 
items,  however,  will  change  the  overall  scale  economies.  If  labor 
costs  double  for  all  plant  sizes  while  other  costs  and  the  mix  of 
inputs  remain  constant,  labor  cost  will  constitute  a greater 
portion  of  total  cost  7_/.  Since  this  cost  change  will  not 
affect  the  relative  scale  economies  inherent  in  labor  (labor 
costs  will  still  increase  by  a factor  of  1.75  if  production 
increases  by  a factor  of  8.00),  increasing  labor’s  share  of 
total  cost  will  increase  the  overall  scale  economies.  This  is 
demonstrated  in  table  6,  which  shows  that  doubling  labor  costs 
results  in  greater  long-run  economies  of  scale.  When  production 
increases  8-fold,  total  cost  Increases  by  a factor  of  2.35  as  compared 
to  2.53  in  table  5.  Therefore,  countries  with  higher  labor  costs 
could  expect  more  pronounced  economies  of  scale  than  countries  with 
lower  labor  costs,  holding  the  input  mix  and  other  input  prices 
constant. 


1_J  The  nature  of  radiation  processing  allows  very  little  substitution 
of  capital  for  labor.  In  a continuous  operating  irradiator  the  one 
function  where  this  substitution  could  occur  is  by  palletizing 
machinery  replacing  some  of  the  product  handlers.  However,  with 
the  wages  and  machinery  costs  used  in  this  analysis,  substitution 
of  capital  (machinery)  for  labor  would  cause  unit  costs  to  rise. 


-8- 


On  the  other  hand,  larger  annual  capital  charges  reduce  the 
magnitude  of  long-run  economies  of  scale  since  the  scale  economies 
inherent  in  annual  capital  charges  are  smaller  than  the  overall 
scale  economies  realized  in  the  base  case.  If  annual  capital  costs 
double  for  all  plant  sizes  while  other  costs  remain  constant, 
annual  capital  charges  will  constitute  a larger  share  of  total 
cost.  Since  this  cost  change  will  not  affect  the  relative 
scale  economies  inherent  in  capital,  increasing  capital's  share 
of  total  cost  will  reduce  the  overall  scale  economies.  This  is 
demonstrated  in  table  7,  which  shows  that  doubling  capital  charges 
results  in  smaller  long-run  economies  of  scale.  As  production 
increases  by  a factor  of  8.00,  total  costs  Increase  by  a factor  of 
2.5  8 as  compared  to  2.5  3 in  table  5.  Thus,  countries  with  larger 
capital  costs  because  of  higher  construction  costs.  Import  fees  on 
machinery,  or  high  interest  rates  could  expect  less  pronounced 
economies  of  scale  than  countries  with  lower  capital  charges,  all 
other  factors  held  constant. 

These  effects  of  changing  labor  costs  and  capital  charges  on 
long-run  economies  of  scale  are  true  for  all  doses.  Lower  labor 
costs  and  higher  capital  charges  decrease  economies  of  scale.  For 
these  reasons,  economies  of  scale  for  cobalt-60  irradiators  are 
expected  to  be  less  dramatic  for  developing  countries  than  than  for 
developed  countries. 

Short-Run  Cost  Curves 

Irradiators  are  likely  to  operate  at  less  than  capacity 
during  part  of  the  year  if  irradiation  is  used  to  treat  seasonal 
products  such  as  fruits  and  vegetables.  Even  commodities  grown 
year  round  often  have  definite  seasonal  harvest  patterns.  To 
accommodate  seasonal  peaks  requiring  large  hourly  capacity,  food 
irradiators  would  have  excess  capacity  during  off  periods.  Animal 
products  are  subject  to  less  seasonal  fluctuations,  but  cyclical 
swings  over  time  could  adversely  affect  use  of  irradiator  capacity. 

The  short-run  cost  curves  in  figures  1 through  4 illustrate 
the  cost  penalties  of  operating  a plant  at  less  than  full  capacity, 
i.e.  less  than  three  shifts  or  less  days  per  year.  Table  8 lists 
the  unit  costs  for  throughputs  equivalent  to  one,  two,  and  three 
shift  operating  schedules.  Several  observations  can  be  made  about 
the  short-run  costs  where  usage,  not  plant  size,  changes. 

° For  all  dose  levels,  unit  costs  climb  as  plants  are  run 
less  than  full  capacity  because  there  is  less  output  over  which  to 
spread  fixed  costs. 

® The  penalty  for  operating  at  less  than  full  capacity  is 
greater  for  small  irradiators  than  larger  ones  because  fixed  costs 
become  a greater  proportion  of  total  costs  more  rapidly  in  small 
plants.  This  relationship  is  illustrated  in  figure  5.  If  production 
in  the  second  smallest  irradiator  is  cut  by  5.25  million  kilograms, 
from  15.75  to  10.5  million  kilograms,  unit  costs  rise  by  1.4  cents 
per  kilogram.  If  production  in  the  second  largest  irradiator  is 
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also  cut  by  5.25  million  kilograms,  from  47.25  to  42  million  kilograms, 
unit  costs  rise  by  only  0.3  cent  per  kilogram. 

° Irradiators  applying  higher  doses  incur  greater  cost  penalties 
for  operating  less  than  three  shifts  compared  to  low-dose  irradiators 
of  the  same  size.  For  example,  with  the  6,000  kilogram  per  hour 
Irradiator  applying  a 0.1  kGy  dose,  operating  one  shift  rather 
than  three  results  in  50  percent  greater  unit  costs.  For  the 
same  size  irradiator  applying  a 2.5  kGy  dose,  unit  costs  for  a 
one  shift  operation  are  55  percent-  greater.  In  absolute  terms, 
the  cost  penalty  is  1.5  cents  per  kilogram  for  the  0.1  kGy  dose 
and  4.5  cents  per  kilogram  for  the  2.5  kGy  dose.  This  occurs 
because  fixed  costs,  of  which  cobalt  is  a component,  are  larger 
for  higher-dose  irradiators. 

° For  small  irradiators  with  low  cobalt  loadings,  such  as 
the  1,500  and  3,000  kilogram  per  hour  Irradiators  applying 
doses  of  0.1  and  0.25  kGy,  lower  unit  costs  can  be  realized  by 
running  a larger  plant  at  less  than  full  capacity  than  running 
a small  plant  at  full  capacity  because  of  the  savings  in  var- 
iable labor  costs  and  supplies  and  utilities  (see  cost  curves 
in  figures  1 and  2).  However,  at  higher  annual  volumes  or 
higher  dose  levels,  savings  in  variable  costs  do  not  outweigh 
Increasing  fixed  costs.  In  these  cases,  unit  costs  would  be 
greater  when  an  Irradiator  is  run  at  less  than  capacity  compared 
with  a smaller  one  operated  at  full  capacity.  The  short-run 
cost  curves  for  the  irradiators  applying  a dose  of  2.5  kGy, 
shown  in  figure  4,  illustrate  the  point  clearly.  Running  a 
plant  designed  to  treat  63  million  kilograms  per  year  only  one 
shift  results  in  an  average  unit  cost  of  7.5  cents  per  kilogram, 
compared  to  operating  a smaller  plant  at  its  three  shift  capacity 
where  the  unit  cost  is  expected  to  be  around  4 cents  per  kilogram. 

Locating  an  irradiator  in  agricultural  production  areas 
with  sequential  harvest  times  for  different  irradiation-compatible 
commodities  or  Irradiating  non-agricultural  items  during  off 
seasons  would  lessen  the  problem  of  not  operating  the  irradiator 
at  full  capacity. 


Conclusions  and  Other  Considerations 

This  paper  presented  estimates  of  average  unit  costs  for  five 
sizes  of  cobalt-60  irradiators  treating  food  products  with  one  of 
four  dose  levels  of  radiation.  Irradiation  technology  demonstrates 
economies  of  scale  with  unit  costs  declining  as  the  irradiator's 
size  increases.  These  economies  of  scale  are  very  pronounced 
for  small  irradiators,  which  means  that  individual  agricultural 
firms  with  volumes  less  than  15  million  kilograms  per  year  will 
not  be  able  to  achieve  the  lower  unit  costs  possible  with  high 
throughputs.  However,  potential  scale  economies  in  this 
analysis  generally  become  less  important  at  volumes  greater 
than  31.5  million  kilograms  per  year. 
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Food  irradiation  economies  of  scale  are  expected  to  be  somewhat 
less  dramatic  for  developing  countries  than  for  developed  countries 
because  of  lower  labor  costs.  At  the  same  time,  food  irradiation 
is  a capital  intensive  technology  where  human  labor  can  not  substitute 
for  the  thick  shielding  or  the  conveyor  system  needed  to  move 
products  past  the  radiation  source.  Thus,  the  actual  relationship 
between  facility  size  and  construction  costs  and  machinery  in  dev- 
eloping countries  will  also  have  an  important  influence  on  the  scale 
economies.  Given  a production  input  mix  similar  to  that  used  in 
this  analysis,  countries  with  high'  construction  costs  or  high 
interest  rates  can  expect  less  dramatic  scale  economies. 

An  analysis  of  plant  economies  of  scale  for  irradiation  treatment 
is  one  factor  to  be  considered  when  selecting  the  appropriate  sized 
Irradiator.  However,  transportation  costs  and  disruptions  to  current 
marketing  procedures  should  also  be  considered.  The  unit  costs  reported 
in  this  paper  are  for  the  radiation  treatment  alone.  For  free  standing 
facilities  that  combine  throughputs  from  several  producers,  the  costs 
of  shipping  the  commodity  to  the  irradiator  are  an  added  cost.  As  free 
standing  irradiators  increase  in  size,  they  will  have  to  draw  on  larger 
geographic  areas  for  their  throughput.  The  transportation  costs  of 
shipping  the  commodities  to  the  larger  irradiator  may  outweigh  any  gains 
in  plant  scale  . :onomies.  This  may  bring  the  total  cost  of  using  a 
small  irradiator  more  closely  in  line  with  that  of  a large  irradiator. 

A non-production  cost  of  interest  to  potential  users  is  the  cost 
of  research  and  development  for  determining  the  optimal  dose  of 
radiation  for  a particular  food  and  application.  Other  costs  include 
the  cost  of  training  personnel  to  operate  an  irradiation  facility 
and  any  public  funds  needed  to  regulate  the  technology  and 
Insure  its  safety  for  workers  in  the  facility,  consumers,  and 
the  environment. 
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Table  1.  Capital  Investment  and  Fixed  and  Variable  Costs  for  Irradiators  Applying 

Dose  of  0.25  kCy  J^/ 


Budget  iteiTis 

Processing  Capacity- 

-Hourly  Throughput 

in  kg. 

1500 

3000 

6000 

9000 

12000 

FIK.ED  COSTS 

U. 

S.  dollars 

Initial  loading 

. 

curies 

31600 

63100 

126200 

186500 

252500 

delivery  ?!  rigging 
total  (rounded) 

15800 

47000 

31600 

95000 

63100 

189000 

93300 

280000 

126300 

379000 

Biological  shielding 

290000 

305000 

330000 

350000 

400000 

Irradiator  i'sachinery 

300000 

324000 

414000 

600000 

750000 

Auxilary  systeras 

24000 

36000 

36000 

36000 

42000 

Control  roDs  and 

dosii^etry  lab 

17000 

17000 

17000 

17000 

17000 

Fork  iitts 

36000 

36000 

36000 

^-6000 

72000 

Refrigerated  warehouse 

75000 

150000 

300000 

450000 

600000 

Additional  roofls 

59000 

59000 

63000 

76000 

84000 

TOTAL  FACILITY  COST 

848000 

1022000 

1385000 

1845000 

2344000 

Design  and  engineering 

85000 

102000 

139000 

135000 

234000 

Fixed  (saintenance 

9000 

11000 

15000 

19000 

25000 

Land 

15000 

15000 

15000 

15000 

15000 

Insurance  and  taxes 

0 

0 

0 

0 

0 

Labor: 

plant  ianager 

11400 

11400 

11400 

11400 

11400 

maintenance 

6500 

6500 

6500 

6500 

6500 

clerical  • 
total  (rounded) 

4600 

23000 

4600 

23000 

4600 

23000 

4600 

23000 

4600 

23000 

Working  capital 

45000 

51000 

70000 

85000 

101000 

TOTAL  FIXED  COSTS 

1025000 

1224000 

1647000 

2172000 

2742000 

(con ' t . ) 
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Table  1.  Continued 


Processing  Capacity- 

-Hourly  Throughput  in 

kg. 

ARIABLE  COSTS 

1500 

3000 

6000 

9000 

12000 

Labor 

RSO/QC 

29400 

29400 

29400 

29400 

29400 

shi-ft  supervisor 

0 

0 

26400 

26400 

26400 

plant  operator 

17700 

17700  ‘ 

17700 

17700 

17700 

docuientation 

13800 

13800 

13800 

13800 

13300 

product  handlers  _2/ 

6 12000 

10  20000 

16  32000  23 

46000 

29  53000 

■ Supplies 

34000 

41000 

55000 

74000 

94000 

Utilities 

34000 

41000 

55000 

74000 

94000 

Variable  aaintenance 

17000 

20000 

27000 

36000 

46000 

TOTAL  VARIABLE  COSTS 

157900 

182900 

256300 

317300 

379300 

iNNUALIZED  FI.KED  COSTS 

Source 

initial  loading 

6179 

12490 

24849 

36813 

49829 

replenishiient 

5300 

10500 

21000 

31100 

42100 

Building  and  shielding 

57948 

69736 

93^13 

113761 

147074 

ilachinery 

6^44/ 

79094 

109365 

140612 

Land 

1500 

1500 

1500 

1500 

1500 

Working  capital 

4500 

5100 

7000 

8500 

10100 

Fixed  maintenance 

9000 

11000 

15000 

19000 

25000 

Insurance  and  taxes 

0 

0 

0 

0 

0 

Salaried  employees 

23000 

23000 

23000 

23000 

23000 

TOTAL  FIXED  (rounded) 

166000 

198C00 

265000 

343000 

439000 

NIT  COST  $/kg. 

0.0411 

0.0242 

0.0165 

0.0141 

0.013 

_1/  The  irradiation  treatment  costs  in  this  table  are  based  on  a 3-shift  operation, 
with  a 10  percent  opportunity  cost  for  capital  funds.  Labor  costs  are  assumed 
to  be  25  percent  of  U.S.  labor  costs  for  skilled  labor  and  10  percent  of  U.S. 
costs  for  unskilled  product  handlers.  Other  assumptions  and  input  prices  are 
listed  in  Appendix  A. 

The  numbers  in  parentheses  are  the  number  of  product  handlers  needed  per  day  for 
a 3-shift  operation. 


I'r,  /.. 

* ""  /*  ''/ 


Table  2.  Summary  of  Investment  and  Annual  Costs  for  Selected  Cobalt-60  Irradiators  1/ 


)ose  Level 
ind  Annual 
ihroughput 
Ln  Millions 
)f  kg. 

Co bait- 60 
Loading  2/ 

Initial 
Investment  3/ 

Annualized 
Fixed 
Costs  4/ 

Annual 
Variable 
Costs  5/ 

Annual 

Total 

Cost 

1,000  curies 

$1,000,000 

$1,000 

$1,000 

$1,000 

).l  kGy 

7.875 

12.6 

1.0 

159 

155 

314 

15.75 

25.2 

1.1 

18  2 

17  8 

360 

31.5 

50.5 

1.5 

234 

246 

480 

47.25 

75.7 

1.9 

304 

300 

604 

63.0 

101.0 

2.4 

378 

356 

7 34 

3.25  kGy 

7.875 

31.6 

1.0 

166 

158 

324 

15.75 

6 3.1 

1.2 

198 

183 

381 

31.5 

126.2 

1.6 

265 

256 

521 

47.25 

186.5 

2.1 

348 

317 

665 

63.0 

252.5 

2.7 

4 39 

379 

818 

3.5  kGy 

7.875 

6 3.1 

1.0 

178 

162 

340 

15.75 

126.2 

1.3 

223 

19  3 

416 

i 31.5 

25  2.5 

1.8 

316 

276 

592 

i 47.25 

378.7 

2.5 

425 

345 

770 

63.0 

504.9 

3.1 

544 

419 

963 

2.5  kGy 

7.875 

315.6 

1.5 

279 

200 

479 

15.75 

631.1 

2.2 

429 

270 

699 

31.5 

1,26  2.3 

3.6 

724 

430 

1,154 

47.25 

1,893.4 

5.0 

1,0  36 

57  3 

1,609 

1 63.0 

2,524.5 

6.6 

1,35  2 

7 20 

2,072 

[V  Costs  in  this  table  are  expressed  in  U.S,  dollars  and  based  on  3-shift  operation, 
with  a 10  percent  opportunity  cost  for  capital  funds.  Labor  costs  are  assumed  to 
be  25  percent  of  U.S,  labor  costs  for  skilled  labor  and  10  percent  of  U.S.  costs 
for  unskilled  product  handlers.  Other  assumptions  and  input  prices  are  listed  in 
Appendix  A, 

_2/  Cobalt-60  loadings  were  determined  using  the  formula  described  in  Appendix  A, 

_3/  Investment  items  include:  cobalt-60,  biological  shielding  and  other  building  space, 

irradiator  machinery  and  auxilary  systems,  product  handling  equipment,  refrigerated 
warehouse  space,  design  and  engineering,  land,  and  working  capital. 

V Includes  the  annualized  costs  for  investment  items  and  annual  costs  for  cobalt-60 
replenishment,  fixed  maintenance,  and  fixed  labor. 

V Includes  wages  of  variable  labor  and  product  handlers,  supplies,  utilities,  and 
variable  maintenance. 


,'■'  ,,.:,v3.fe|ss4#: 

- ! ' i 'I 

. % 'J  'Htp  I J 


Table  3.  Irradiation  Unit  Costs  1/ 


Dose 

Processing  Capacity — Hourly  throughput 
1,500  3,000  6,000  9,000 

in  kg. 
12,000 

Annual  throughput  in  millions  of  kg. 
7.875  15.75  31.5  47.25 

U 

63.0 

kGy 

U.S. 

cents  per  kg. 

0.1 

4.0 

2.3 

1.5 

1.3 

1.2 

0.25 

4.1 

2.4 

1.7 

1.4 

1.3 

0.5 

4.3 

2.6 

1.9 

1.6 

1.5 

2.5 

6. 1 

4.4 

3.7 

3.4 

3.3 

_!/  The  irradiation  treatment  costs  in  this  table  are  based  on 
a 3-shift  operation,  with  a 10  percent  opportunity  cost  for 
capital  funds.  Labor  costs  are  assumed  to  be  25  percent 
of  U.S.  labor  costs  for  skilled  labor  and  10  percent  of 
U.S.  costs  for  unskilled  product  handlers.  Other  assumptions 
and  input  prices  are  listed  in  Appendix  A. 

_2/  Annual  throughputs  are  based  on  treating  foods  21 
day,  250  days  per  year. 


hours  a 


Table  4.  Irradiation  Unit  Costs  with  Varying  Labor  Costs  1/ 


ose 


Processing  Capacity — Hourly  throughput  in  kg. 


Decline  between 


Labor 

3/ 

costs 

1,500  _2/ 

3,000  _2/ 

6,000 

9,000 

- 12,000  : 

smallest  and 
largest 

U.S. 

cents 

per  kg. 

cents 

percent 

.1  kGy 

A 

3.4 

1.9 

1.3 

1.1 

1.0  ; 

2.4 

69.3 

B 

4.0 

2.3 

1.5 

1.3 

1.2  : 

2.8 

70.7 

C 

5.2 

3.0 

2.0 

1.6 

1.4  : 

3.8 

72.4 

.25  kGy 

1 ^ 

3.5 

2.1 

1.4 

1.2 

1.2  : 

2.3 

66.6 

B 

4.1 

2.4 

1.7 

1.4 

1.3  : 

2.8 

68.4 

C 

5.3 

3.1 

2.1 

1.7 

1.6  : 

3.7 

70.5 

.5  kGy 

A 

3.7 

2.3 

1.7 

1.5 

1.4  : 

2.3 

62.3 

B 

4.3 

2.6 

1.9 

1.6 

1.5  : 

2.8 

64.6 

C 

5.6 

3.3 

2.3 

2.0 

1.8  : 

3.8 

67.6 

.5  kGy 

A 

5.5 

4. 1 

3.4 

3.2 

3.2  : 

2.3 

42.2 

B 

6.1 

4.4 

3.7 

3.4 

3.3  : 

2.8 

45.9 

C 

7.3 

5.1 

4.1 

3.7 

3.6  : 

3.7 

51.2 

/ The  irradiation  treatment  costs  in  this 

table 

are  based  on 

a 3-shift  operation,  with  a 

10  percent  opportunity  cost 

for  capital 

funds 

. Other  assumptions  and  input  prices 

are 

listed 

in  Appendix  A. 

1/  No  shift  supervisor  needed  because  of  small  number  of  employees. 

!/  Labor 

costs  were  reduced  to 

the  Indicated  percentage  of  U.S 

. labor  levels. 

The  first 

percentage  is  the  adjustment 

made  to  skilled 

labor,  and  the 

second  percentage  is  the 

adjustment  made  to  unskilled 

product  handlers 

. The  labor  costs  used  are  as  follows 

: 

Scenario 

A 

Scenario  B 

Scenario  C 

Fixed  (per  year) 

12.5%/5% 

25%  / 10% 

50%/ 20% 

plant  manager 

$5,700 

$11,400 

$22,800 

maintenance 

3,300 

6,500 

13,000 

clerical 

2,300 

4,600 

9,100 

Variable  (per  8 hr.  shift  per  year) 

-■  ■ 

radiation  safety  officer/ 

quality  control 

4,900 

9,800 

19,500 

shift  supervisor 

4,400 

8,800 

17,500 

plant  operator 

2,900 

5,900 

11,700 

documentation  clerk 

2,300 

4,600 

9,100 

product  handler 

1,000 

2,000 

4,000 

Table  5.  Scale  Economies  Inherent  in  Selected  Cost  Items 

(0.25  kGy  Irradiator) 


Smallest  Facility 

Largest  Facility 

Ratio  of  Largest  to 
Smallest  Facility 

Labor  costs 

$95,900 

$168,300 

1.75 

Annual  capital 
charges 

$128,700 

$349,100 

2.71 

Other  cost  items 

$99,300 

$300,900 

3.03 

Total  cost 

$323,900 

$818,300 

2.53 

Annual  production 
volume  (kg) 

7,875,000 

63,000,000 

8.00 

Table  6.  Scale  Economies  If  Labor  Costs  Are  Doubled 
(0.25  kGy  Irradiator) 


Smallest  Facility 

Largest  Facility 

Ratio  of  Largest  to 
Smallest  Facility 

Labor  costs 

$191,800 

$336,600 

1.75 

Annual  capital 
charges 

$128,700 

$349,100 

2.71 

Other  cost  items 

$99,300 

$300,900 

3.03 

Total  cost 

$419,800 

$986,600 

2.35 

Annual  production 
voltime  (kg) 

7,875,000 

63,000,000 

8.00 

Table  7,  Scale  Economies  If  Capital  Costs  Are  Doubled 
(0.25  kGy  Irradiator) 


Smallest  Facility 

Largest  Facility 

Ratio  of  Largest  to 
Smallest  Facility 

Labor  costs 

$95,900 

$168,300 

1.75 

Annual  capital 

charges 

$25  7,400 

$698,200 

2.71 

1 

i Other  cost  items 

$99,300 

$300,900 

3.03 

Total  cost 

$452,600 

$1,167,400 

2.5  8 

' Annual  production 

volume  (kg) 

7,875,000 

63,000,000 

8.00 

Table  8. 
Dose 

Throughput 
Level  2/ 

Irradiation  Unit  Costs  for  Three 

Processing  Capacity — Hourly 
1,500  3,000  6,000 

Levels  of  Operation  1/ 

Throughput  in  kg. 

9,000  12,000 

U. 

S. 

-cents  per  kg. 

0.1  kGy 

1 shift 

7.9 

4.6 

3.0 

2.5 

2.3 

2 shifts 

5.0 

2.9 

1.9 

1.6 

1.5 

3 shifts 

4.0 

2.3 

1.5 

1.3 

1.2 

0.25  kGy 

1 shift 

8.2 

4.9 

3.3 

2.9 

2.7 

2 shifts 

5.2 

3.0 

2.1 

1.8 

1.6 

3 shifts 

4.1 

2.4 

1.7 

1.4 

1.3 

0.5  kGy 

1 shift 

8.7 

5.4 

3.9 

3.4 

3.2 

2 shifts 

5.4 

3.3 

2.4 

2. 1 

2.0 

3 shifts 

4.3 

2.6 

1.9 

1.6 

1.5 

2.5  kGy 

1 shift 

13.0 

9.8 

8.2 

7.7 

7.5 

2 shifts 

7.8 

5.8 

4.8 

4.5 

4.4 

3 shifts 

6.1 

4.4 

3.7 

3.4 

3.3 

1/  The  irradiation  treatment  costs 

in 

this  table  are  based  on  a 10 

percent  opportunity  cost  for  capital 

funds,  and  labor  costs  are 

assumed  to  be  25  and  10  percent  of 

U. 

S.  labor  costs  for 

skilled  and 

unskilled  labor,  respectively.  Other 

assumptions  and  input  prices  are 

listed  in  Appendix  A. 

2/  Annual  throughput  levels 

equivalent  to  one. 

two , and 

three  shift 

operating  schedules  for  each  irradiator  size  are  as  follows: 

1,500 

3,000 

6,000 

9,000 

12,000 

Millions 

of  kg.  per  year 

1 shift 

2.625 

5.25 

10.5 

15.75 

21.0 

2 shifts 

5.25 

10.5 

21.0 

31.5 

42.0 

3 shifts 

7.875 

15.7  5 

31.5 

47.25 

63.0 
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Unit  cost  = cost fixed  cost  operated  per  day  times  250  days). 

in  $/kg.  throughput  per  year  in  kg. 


APPENDIX  B.  Number  of  Product  Handlers  Needed  for  Irradiators 
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APPENDIX  C.  Number  of  Product  Handlers  Needed  to  Load  and  Unload  Trucks 
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